Abstract: Ambient air quality monitoring data and radar tracking sonde data were used to study the atmospheric boundary layer structure (ABLS) and its changing characteristics over Wuhan. The boundary layer structure index (BLSI), which can effectively describe the ABLS, was accordingly developed and its ability to describe the near-surface air quality was analyzed. The results can be summarized as follows. (1) An analysis of the ABLS during seriously polluted cases revealed that the ABLS was usually dry and warm with a small ventilation index (VI); meanwhile, the ABLS during clean cases was usually wet and cold with a large VI. (2) The correlation between the air quality and BLSI at 100~300 m was good and passed the confidence level limit at 99%. Moreover, the correlation coefficient increased with the altitude at 10~250 m and showed a downward trend at 250~500 m. The correlation between the BLSI at 250 m and the ground air quality was the most significant (r = 0.312), indicating that the layer ranging from 0 to 250 m is essential for determining the ground air quality. (3) The BLSI considers both the vertical diffusion capability and horizontal removal capability of the atmosphere. Therefore, it is highly capable of describing the ABLS and the ground air quality.
Introduction
China is the fastest-growing country in the world and consequently contains numerous types of industries. As such, most Chinese cities are currently facing serious air pollution issues. For instance, China is presently the largest emitter of black carbon in the world [1, 2] . Wuhan (114 • E, 30 • N), a megacity in central China, is an important city both politically and economically. In recent years, the air quality of Wuhan has substantially worsened. In particular, the air quality throughout the autumn-winter season (i.e., November through to February of the following year) of 2013 was far worse than that of 2012 and consequently, the pollution of that season drew the attention of both the public and the government.
Data published by the Wuhan Environmental Protection Bureau (http://hbj.wuhan.gov.cn/) show that 563.242 billion cubic meters of industrial emissions were released into the atmosphere over Wuhan in 2013; the data also revealed that the industrial emissions in 2013 had fallen by 6.48% from the previous year. A total of 101,900 tons of sulfur dioxide emissions (down by 3.69% from the previous year) were also released in 2013. The total amount of nitrogen oxide emissions totaled 147,100 tons, which had fallen by 5.58% from the previous year, while the total motor vehicle emissions amounted to 5.00 million tons, which had increased by 3.31% over the previous year. A total of 25,700 tons of smoke (powder) dust were emitted from the city, which had fallen by 2.65% from the previous year and the total amount of motor vehicle smoke (aerosols) dust emissions was 4900 tons, which had fallen by 2.00% from the previous year.
Despite the decrease in pollutant emissions from 2012 to 2013, the air quality of 2013 was objectively worse than that of 2012. According to the Wuhan Environmental Protection Bureau (http://www.whepb.gov.cn/hbKqjcbg/index.jhtml), the number of days in 2013 with good ambient air quality (i.e., with an air quality index (AQI) of less than or equal to 100) over the urban areas of Wuhan reached only 43.8%, which was half of the number of good days observed in 2012. According to the National Ambient Air Quality Standard (NAAQS) of the People's Republic of China (GB3095-2012), a second-grade standard assessment of the non-compliant items with regard to the ambient air quality over Wuhan in 2013 included nitrogen dioxide, PM 10 and PM 2.5 . The primary pollutant in the ambient air was PM 2.5 , the annual average concentration of which was 94 µg/m 3 , which exceeds the standard by 1.7 times and its daily average compliance rate was only 51.5%.
Therefore, the local atmospheric diffusion conditions and external transportation processes were obviously responsible for the poor 2013 air quality over Wuhan. Two meteorological factors (the vertical diffusion ability and horizontal removal ability of the atmospheric boundary layer (ABL)) primarily affect the air quality [3, 4] . These two factors are mainly determined by the atmospheric stratification stability, which is closely related to near surface inversion and wind. Li et al., [5] believed that both atmospheric horizontal transport and vertical diffusion ability should be taken into consideration when evaluating the atmospheric air pollution potential because either of them can cause heavy air pollution. A number of studies have suggested that the ground meteorological factors and the concentrations of pollutants are closely related [6] [7] [8] [9] .
However, the boundary layer structure is an important factor that must be considered when analyzing air quality [10] [11] [12] . Previous studies have shown that wind speed and boundary layer height are key variables in analyzing the effect of ABL in the transport of pollutants [5, 13, 14] ; only a few studies have investigated the ABLS and its impact on the air quality in this region [15] . Accordingly, some studies have examined the relationships between the concentrations of air pollutants and the ABLS [16] [17] [18] [19] [20] , revealing intensive ground inversion as an important factor that contributes to poor air quality. Nevertheless, most of the data employed to investigate atmospheric stratification were composed of daily reanalysis data and sounding data, both of which have a low vertical resolution that greatly affects the results of detailed analyses of variations in meteorological elements with the altitude. Three additional variables, namely, the Richardson number Ri [21] [22] [23] , the stable energy E W [24] and the convective available potential energy (CAPE) as a measure of the unstable energy [25] , have been used to study atmospheric stratification stability. It is worth noting that Ri, which considers both thermodynamic and kinetic factors, is considered to be the most effective index for describing low-level atmospheric stability. However, most of the correlation results between Ri and the ground air quality have not been satisfactory [24] . Likewise, both the CAPE and the E W parameter consider the ability of the boundary layer (BL) atmosphere to diffuse air pollutants from a thermodynamic point of view but does not consider the horizontal removal ability of wind speed. Therefore, many authors have alternatively used the pollution coefficient P i [26, 27] and ventilation index (VI) [28, 29] to study the relationship between pollution and wind. However, both P i and VI consider the ability of the boundary layer atmosphere to diffuse air pollutants from a kinetic point of view and do not consider the vertical diffusion capacity of the BL. None of them (CAPE, E W , P i , VI) can fully describe the diffusion ability of the boundary layer. Consequently, very few studies have been conducted on air pollution meteorological indexes. A number of authors have used the parameter linking aerosol pollution and meteorological elements (PLAM) meteorological pollution index to analyze the relationships between ground meteorological elements and the concentrations of pollutants [30] [31] [32] [33] . However, even though the correlations between the PLAM index and the concentrations of pollutants are very good, the PLAM index shares the same disadvantages as the CAPE and the E W parameter, which is that it cannot describe the ABLS because it utilizes only ground meteorological elements.
As a consequence, this study employed both observational data from meteorological stations and radar tracking sonde data with higher vertical resolutions to study the ABLS and its variation characteristics during seriously polluted days throughout the autumn-winter season (i.e., November through to February of the following year) at Wujiashan (WJS) station, which is in Wuhan, from 2013 to 2015. Based on the advantages and disadvantages of the methods utilized in previous studies, a new boundary layer structure index (BLSI) was developed that incorporated the considerations of both the vertical diffusion ability and the horizontal removal ability of the atmosphere at the boundary layer. Therefore, it can characterize the ABLS and its variation, resulting in a more effective description of changes in the ground air quality.
Materials and Methods

Materials
Ambient Air Quality Data
According to the third revision of the ambient air quality standards (GB3095-2012) published by the Chinese Ministry of Environmental Protection (MEP), AQI refers to the air quality index based on the real-time observation of six air pollutants: SO 2 , NO 2 , PM 10 , CO, O 3 and PM 2.5 . AQI represents the maximum pollution sub index of the concentrations of six individual pollutants (Equations (1) and (2)). Higher values of AQI are associated with poorer air quality for that region. The air pollutant, which has the maximum AQI value, is then defined as the primary pollutant at that time. A "primary pollutant" is identified to measure the air pollutant which is the largest contributor to the air quality degradation.
where I p is the air quality sub index for air pollutant p; C is the pollutant concentration; C low denotes the concentration breakpoint that is ≤ C; C high is the concentration breakpoint that is ≥ C; I low is the index breakpoint corresponding to C low ; and I high denotes the index breakpoint corresponding to C high . The grading standard of the air quality was provided by the Environmental Protection Agency of China (Table 1) . This study used data from the autumn-winter season (i.e., November through to February of the following year) from 2013 to 2015 to characterize the heavy pollution over Wujiashan (WJS) station in Wuhan, while data throughout the autumn-winter season from 2012 to 2015 were employed to calculate both the correlation between the ground air quality and the BLSI. Note that PM 2.5 was first monitored and incorporated by the Wuhan Environmental Protection Bureau into the air quality index (AQI) on 27 December 2012. Therefore, the air pollution index (API) was used to describe the ground air quality before 2013 and the AQI was used to describe the ground air quality after 2013. The hourly data at WJS station (national control point) of both the API and the AQI were provided by the Wuhan Environmental Protection Agency and only API data at 0700 h Local Standard Time (LST) and AQI data at 0700 h LST were used in this paper. Both of these indexes provide non-dimensional, quantitative descriptions of the air quality conditions. The API is constructed from observational data comprising the concentrations of three pollutants: SO 2 , NO 2 and PM 10 (GB3095-1996 1996).
Sounding Data
The radar tracking sonde was used for comprehensive observation of high altitude atmosphere. The radar can measure five meteorological variables (i.e., wind direction, wind speed, temperature, atmosphere pressure and relative humidity) when incorporating with a digital electronic sonde. The digital electronic sonde consist of humicap, thermistor and air pressure sensors. The radar tracking sonde measures the wind speed and wind direction by tracking the sounding balloon. The sounding balloon is equipped with a wireless electronic answerer device (abbreviated as a responder). During the measurement, the radar tracking sonde sends an "inquiry signal" to the sounding balloon and the responder sends back an "answer signal." Based on the time interval between each pair of inquiry and answer signals and the direction of the answer signal, the position of the sounding balloon at every moment can be determined, that is, its linear distance, azimuth and elevation angle from the radar. Then, according to the situation that the sounding balloon floats with the wind, the wind direction and wind speed of each altitude can be calculated. When the sounding balloon is lifted off with the digital electronic sonde, the digital electronic sonde sends out the temperature, atmosphere pressure and relative humidity wireless signal continuously during the ascent and is received by the radar skyline.
The radar tracking sonde data employed in this study were provided by the Wuhan Meteorological Bureau. The observation site was Cihui farm (CHF) station, which is 3 km away from the WJS station. Both the WJS and CHF stations are located in a suburban area without tall buildings and bustling commercial districts and these two stations share similar meteorological conditions. The daily observation times of the radar tracking sonde was 0200/0700/1900 h LST at a vertical resolution of 10 m. The 0200 h data lacked wind direction data. As the long-wave radiation loss before sunrise was the largest and meanwhile, the atmospheric stratification was most stable at this time, atmospheric diffusion conditions at 0700 h LST were usually worse than the atmospheric diffusion conditions at 1900 h LST. Therefore, the 0700 h LST data were chosen to study the ABLS. The observation period in this study ranged from 1 November 2012 to 28 February 2015. Serious quality control processes were applied to the sounding data by the Wuhan Meteorological Bureau prior to their use in this study and therefore, the changes in the wind direction, speed, temperature and humidity with the altitude could be credibly analyzed with the data.
Method
Proposed Boundary Layer Structure Index (BLSI)
Both the E W and CAPE consider the ability of the boundary layer (BL) to diffuse air pollutants from a thermodynamic point of view but do not consider the horizontal removal ability of wind speed. The VI and P i consider the ability of the boundary layer atmosphere to diffuse air pollutants from a kinetic point of view but do not consider the vertical diffusion capacity of the BL. So neither of them can fully describe the diffusion ability of the boundary layer. Accordingly, a new BLSI capable of describing the ABLS and the variations in the ground air quality was developed:
where V is the average wind speed at ground level (0 m) and at H m (unit is m/s); ρ represents the average air density at ground level and H m (unit is kg/m 3 ); L denotes the condensation latent heat value of water vapor (L = 2500.6 J/g); E w represents the stable energy from the ground to the height H (unit is J/cm 2 ); VI is the ventilation index (unit is m 2 /s); and V L·ρ is used to ensure that the BLSI has no units.
Compared with the previously employed parameters and indexes (i.e., the E W and P i parameters, the CAPE and the PLAM index), the BLSI considers both the vertical diffusion ability of the atmosphere (i.e., E W ) and the horizontal removal ability of the boundary layer (i.e., VI) of the atmosphere in the boundary layer, thus, it can describe the diffusion ability of the BL more completely.
Calculation of BLSI
(1) Calculation of the stable energy: An inversion layer usually leads to a stable ABL and makes it difficult for the air pollutants released near the ground to be transported out of the ABL. Compared with inversion layer intensity and thickness, stable energy (E W ) is a good tool to depict the stability of lower air, which includes the stability from the surface to a given altitude H [24] . Figure 1 shows the diagram for E W . The equation for the stable energy following Shang et al. [24] is as follows:
where E W represents the stable energy (unit is J/cm 2 ); C p is the specific heat capacity at constant pressure (C p = 1.004 J/Kg/K); g is the gravitational constant of acceleration (g = 9.8 m/s 2 ); and P 0 and P H are the atmospheric pressure at the ground and at a height H, respectively. T G is a function of H and h and is calculated by the increasing T with height from H to h (H0 ≤ h ≤ H) at the dry adiabatic lapse rate γ d . T is the detected temperature and T H is the detected temperature at H.
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where E represents the stable energy (unit is J/cm ); Cp is the specific heat capacity at constant pressure (Cp = 1.004 J/Kg/K); g is the gravitational constant of acceleration (g = 9.8 m/s ); and P0 and PH are the atmospheric pressure at the ground and at a height H, respectively. TG is a function of H and h and is calculated by the increasing T with height from H to h (H0 ≤ h ≤ H) at the dry adiabatic lapse rate γ . T is the detected temperature and TH is the detected temperature at H. (2) Calculation of the ventilation index (VI): ABL height is a useful parameter to quantify ABL vertical diffusion ability [10, 34] . Convective ABL height is referred to the height where the potential temperature begins to increase and stable ABL height is designated as the height where the first important vertical potential temperature gradient variation takes place [35] . Ventilation index (VI) provides information about the ventilation ability of the ABL [28, 29] . The equation for the ventilation index following Pasch et al. [36] is as follows: (2) Calculation of the ventilation index (VI): ABL height is a useful parameter to quantify ABL vertical diffusion ability [10, 34] . Convective ABL height is referred to the height where the potential temperature begins to increase and stable ABL height is designated as the height where the first important vertical potential temperature gradient variation takes place [35] . Ventilation index (VI) provides information about the ventilation ability of the ABL [28, 29] . The equation for the ventilation index following Pasch et al. [36] is as follows: The air density was calculated as the moist air density using the simplified formula given in Zhao [37] and Picard [38] :
where ρ W is the density of moist air (unit is kg/m 3 ); P and P sat are the atmospheric pressure and saturated vapor pressure, respectively (units are hPa); T is the detected temperature (unit is K) and ϕ is the relative humidity (unit is %). Then, P sat can be calculated using the improved version of Magnus formula found in Dong and Cui [39] :
where t is the air temperature (unit is • C).
Back Trajectory
The HYbrid Single Particle Langrangian Integrated Trajectory (HYSPLIT4), offered by the National Oceanic and Atmospheric Administration (NOAA), was used to calculate the trajectories [34] . The model has relatively complete simulation of transport, diffusion and deposition of pollutants which can handle a variety of meteorological element input fields, multiple physical processes and different types of pollutant emission sources (http://www.arl.noaa.gov/HYSPLIT.php). In this study, HYSPLIT-WEB was used to track the air trajectories of WJS station for 72 h, with a view to obtain the qualitative description of the air transport path during the pollution process. Meteorological data input was from the National Centers for Environmental Prediction (NCEP) fields obtained from NOAA, which is available every 3 h with a 1 • × 1 • spatial resolution. Each trajectory was estimated at 500 m above ground level.
Potential Source Contribution Function (PSCF)
A PSCF method was also used in this study to determine the major contributing areas of PM 2.5 in Wuhan. The basis of PSCF is that if a receptor site is located at a particular latitude and longitude, an air parcel back trajectory passing through that location indicates that the material from other sources can be transported through the trajectory to the receptor site [40] [41] [42] [43] . It is defined by Equation (9) .
where n (ij) is the number of times that the trajectories passed through the cell (i,j) and m (ij) is the number of times that the pollutant concentrations were higher at the receptor site than at the set criterion. In this study, the set criteria for PM 2.5 of 75 µg/m 3 was utilized in the PSCF calculation to identify the potential source areas (PSA) at distances which were more likely to have a larger impact than the local sources. To reduce uncertainties resulting from the effect of the simulation results of the grids with values of n (ij) that were too small, an empirical weighting coefficient, W (ij) (Equation (10)) was multiplied to the PSCF [41, 42] . For the case in this study, n avg was the average value (n (ij) ) > 0) of the number of all trajectory terminal points in grids:
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Results
Analysis of the Vertical Structure of the Boundary Layer during Seriously Polluted Days and Clean Days
A total of 23 seriously polluted cases (AQI at 0700 h LST ≥ 300) and 62 clean cases (AQI at 0700 h LST ≤ 100) were selected based on the AQI data acquired from the Wuhan Environment Protection Agency for the autumn-winter season from 2013 to 2015. The average AQI values for seriously polluted and clean cases were 342 and 72, respectively. Furthermore, the primary pollutant during the seriously polluted days was PM 2.5 . The ground meteorological elements data (temperature, relative humidity and wind velocity) at 0700 h LST on each of the 23 seriously polluted cases and each of the 62 clean cases were obtained from the 0700 h LST radar tracking sonde data (the temperature data, relative humidity data and wind velocity data at the ground). As it was too long to list all the ground meteorological elements data of each of the 23 seriously polluted cases and 62 clean cases in a table, only the summary statistics of the average ground meteorological variables are provided ( Table 2 ). Summary statistics of the average ground meteorological variables showed that there was no significant difference between the seriously polluted and clean cases (Table 2 ) except that the frequency of calm wind cases. The frequency of calm wind cases on seriously polluted cases was 21.7%, which was much larger than that (4.9%) on the clean cases. Our previous works [14] found that the ABLS during polluted cases was dry and warm and had weak low-level wind but a different scenario was seen on clean cases as the boundary layer was observed to be wet and cool and there is a dominance of strong winds. Hu (2015) emphasized the effects of boundary layer on air quality [44] . Therefore, we focused on the differences between the ABLSs of seriously polluted cases and clean cases. Figure 2a illustrates the average curves of the changes in each element with the height at 0700 h LST for the 23 seriously polluted cases. The average boundary layer showed a ground potential temperature of 3.11 • C and a very strong ground inversion with a potential temperature increase rate of 0.93 • C/100 m. Near the ground, relative humidity was 92% and at about 0-500 m, it was reduced to about 55% with a decreasing rate of 7.4%/100 m. At 500-3000 m, relative humidity was reduced to 40% with a decreasing rate of 0.6%/100 m. The wind at the ground was weak, with an average speed of about 1.48 m/s and it increased at an average angle of 30 • up to an altitude of 500 m where it attained a speed of about 5.0 m/s. The increasing rate of wind speed at 0-500 m was 0.71 m/s for every 100 m and wind speed increased very slowly at 500-3000 m with an increasing rate of 0.20 m/s for every 100 m. The average VI for the 23 seriously polluted cases was 2451 m 2 /s. According to the above analysis, the potential temperature, relative humidity and wind speed trends changed significantly at a height of approximately 300 m.
A different scenario can be seen in the average clean cases as the average AQI was 72, indicating a 'good' air quality (Table 1 ). Figure 2b shows the average curves of the changes in each element with the height at 0700 h LST for the 62 clean days. A very small ground inversion with a thickness of about 50 m was seen in the average ABLS (Figure 2b ). Above it, there was a constant temperature drop up to the altitude of 3000 m. A wind speed of about 1.87 m/s was observed at the surface, which increased rapidly (increasing rate 1.1 m/s for every 100 m) to about 7.2 m/s at the altitude of 500 m. Above it, there was a constant wind speed decrease up to an altitude of 1600 m and the wind speed continued to increase to the altitude of 3000 m. Near the ground, relative humidity was 87% and at about 0-500 m, it was reduced to about 65% with a decreasing rate of 4.4%/100 m. At 500-3000 m, relative humidity was reduced to 53% with a decreasing rate of 0.48%/100 m. The average VI for the 23 seriously polluted cases was 4925 m 2 /s. The changing trends of the relative humidity and wind speed changed obviously at approximately 500 m.
The above analysis showed that on seriously polluted cases, the boundary layer was usually dry, warm and the VI was small. Meanwhile, compared to the seriously polluted cases, during clean cases, the boundary layer was usually wet, cool and the VI was large.
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Analysis of PSA
Analysis of a Heavy Pollution Period
There were frequent heavy pollution periods in the autumn-winter season from 2013 to 2015 in Wuhan, presenting the characteristics of a high concentration of pollutants and long duration. AQI data at 0700 h LST and sounding data at 0700 h LST of a continuous heavy pollution period in the morning were used to study the changing characteristics of the ABL during the occurrence, development and demise of the heavy pollution period. Figure 4 shows the AQI at 0700 h LST, VI at 0700 h LST and EW at 550 m (the average height of the strongest inversion layer can be seen in Table S1 ) from 21 January 2014-4 February 2014 where the AQI of 23, 24 January 2014 and 2 February 2014 was higher than 300, indicating that these three days were seriously polluted days. From Figure 4 , we can see that there was a negative correlation between VI and AQI (except 29 January 2014), that is, a high (low) VI corresponded to a small (big) AQI. On 29 January 2014, the VI was high, however, the AQI was also big. This was mainly because the AQI of this day was mainly affected by external air pollutants. Figure S1 is the results of 72-h backward trajectory on 29 January 2014 in Wuhan. From Figure S1 , we can see that air mass came from the southwest (Hunan province) and then passed through Anhui Province; both provinces are PSAs with high contribution (Figure 3) . Thus, this can aggravate the air pollution in Wuhan despite the VI being high, which means that the horizontal removal ability is very strong. There was a positive correlation between EW and AQI but the correlation between EW and AQI during the most polluted period (27-29 January 2014) was not very good, which was because to a large extent , the air quality on these days was also affected by external pollution and VI. We observed that the correlation between VI (EW) and AQI was not very good because VI (EW) does not take the vertical diffusion ability (EW) and external pollution into consideration. The correlation between EW and AQI was not very good because EW does not take the horizontal removal ability of the boundary layer (VI) and trans-boundary movement of the air pollutants into consideration. 
There were frequent heavy pollution periods in the autumn-winter season from 2013 to 2015 in Wuhan, presenting the characteristics of a high concentration of pollutants and long duration. AQI data at 0700 h LST and sounding data at 0700 h LST of a continuous heavy pollution period in the morning were used to study the changing characteristics of the ABL during the occurrence, development and demise of the heavy pollution period. Figure 4 shows the AQI at 0700 h LST, VI at 0700 h LST and E W at 550 m (the average height of the strongest inversion layer can be seen in Table S1 ) from 21 January 2014-4 February 2014 where the AQI of 23, 24 January 2014 and 2 February 2014 was higher than 300, indicating that these three days were seriously polluted days. From Figure 4 , we can see that there was a negative correlation between VI and AQI (except 29 January 2014), that is, a high (low) VI corresponded to a small (big) AQI. On 29 January 2014, the VI was high, however, the AQI was also big. This was mainly because the AQI of this day was mainly affected by external air pollutants. Figure S1 is the results of 72-h backward trajectory on 29 January 2014 in Wuhan. From Figure S1 , we can see that air mass came from the southwest (Hunan province) and then passed through Anhui Province; both provinces are PSAs with high contribution (Figure 3) . Thus, this can aggravate the air pollution in Wuhan despite the VI being high, which means that the horizontal removal ability is very strong. There was a positive correlation between E W and AQI but the correlation between E W and AQI during the most polluted period (27-29 January 2014) was not very good, which was because to a large extent, the air quality on these days was also affected by external pollution and VI. We observed that the correlation between VI (E W ) and AQI was not very good because VI (E W ) does not take the vertical diffusion ability (E W ) and external pollution into consideration. The correlation between E W and AQI was not very good because E W does not take the horizontal removal ability of the boundary layer (VI) and trans-boundary movement of the air pollutants into consideration. Figure 5 shows the sounding curve at 0700 h LST during this heavy pollution period. No inversion layer existed at the low level on 21 January 2014, indicating that the vertical diffusion capacity of atmosphere was very strong in this case and pollutants could be transported easily from the ground to the upper air. Strong winds are an important factor as it can sustain horizontal transportation of the pollutants, which were found within the BL. The VI was 5280 m 2 /s. Generally, the conditions of the diffusions were good, so the air quality was good on this day (Figure 5a ).
On 22-24 January 2014, the condition of boundary layer structure changed significantly. There was strong ground inversion with a thickness of 300 m and the temperature within the BL was higher when compared with the condition of 21 January 2014. The average VI on these days was 1487 m 2 /s, which was much smaller when compared with that on January 21. Vertical dispersion capacity was seen to have weakened significantly as well as the horizontal dispersion capacity. The BL of these days was much drier when compared to that of 22 January 2014. The "warm-dry" feature in the boundary layer persisted. Therefore, the air quality of these days were "slightly polluted" and "moderate polluted" (Figures 5b and S2a,b) .
The most significant changes began to be seen from 24 January 2014 at 0700 h LST. A thin ground inversion layer with a thickness of 50 m and a series of suspended inversion layers were seen to have developed at 50-1100 m on January 25 and the thickness of the ground inversion on 26 January 2014 was 500 m. The vertical dispersion capacity had weakened again on 25 and 26 January 2014 when compared to previous days. The dominant wind direction was NE on January 26. Note that the direction of the wind is one of the important factors in determining the air quality at the WJS station as there is a big coal-fired power station in NE (Yangluo Power Station) and the polluted areas are always downwind of the pollutant sources. The average VI of these two days was 1190 m 2 /s and the horizontal dispersion capacity within the BL was weakened again when compared to previous days. The BL of these two days were still very dry. Therefore, the air quality of these two days were both "seriously polluted" (Figures 5c and S2c) . Figure 5 shows the sounding curve at 0700 h LST during this heavy pollution period. No inversion layer existed at the low level on 21 January 2014, indicating that the vertical diffusion capacity of atmosphere was very strong in this case and pollutants could be transported easily from the ground to the upper air. Strong winds are an important factor as it can sustain horizontal transportation of the pollutants, which were found within the BL. The VI was 5280 m 2 /s. Generally, the conditions of the diffusions were good, so the air quality was good on this day (Figure 5a ).
On 22-24 January 2014, the condition of boundary layer structure changed significantly. There was strong ground inversion with a thickness of 300 m and the temperature within the BL was higher when compared with the condition of 21 January 2014. The average VI on these days was 1487 m 2 /s, which was much smaller when compared with that on January 21. Vertical dispersion capacity was seen to have weakened significantly as well as the horizontal dispersion capacity. The BL of these days was much drier when compared to that of 22 January 2014. The "warm-dry" feature in the boundary layer persisted. Therefore, the air quality of these days were "slightly polluted" and "moderate polluted" (Figure 5b and Figure S2a,b) .
The most significant changes began to be seen from 24 January 2014 at 0700 h LST. A thin ground inversion layer with a thickness of 50 m and a series of suspended inversion layers were seen to have developed at 50-1100 m on January 25 and the thickness of the ground inversion on 26 January 2014 was 500 m. The vertical dispersion capacity had weakened again on 25 and 26 January 2014 when compared to previous days. The dominant wind direction was NE on January 26. Note that the direction of the wind is one of the important factors in determining the air quality at the WJS station as there is a big coal-fired power station in NE (Yangluo Power Station) and the polluted areas are always downwind of the pollutant sources. The average VI of these two days was 1190 m 2 /s and the horizontal dispersion capacity within the BL was weakened again when compared to previous days. The BL of these two days were still very dry. Therefore, the air quality of these two days were both "seriously polluted" (Figure 5c and Figure S2c ). The number on the x-axis is the result after dividing the relative humidity value by 10 and wind direction angle by 30 while potential temperature and wind speed remain the same.
The next several days share similar characteristics of the ABLS (from 27 January 2014 to 1 February 2014 except for 29 and 31 January 2014): a thin ground inversion layer with a thickness of 50 m and a strong suspended inversion layer at around 100-300 m, small VI (average VI = 390 m 2 /s) and dry BL. Generally, the conditions of the diffusions were not good for the air pollutants to be diffused. On these days, the wind speed within the ABL height were very small and due to the accumulation effects of the pollutants, it was hard for the pollutants to diffuse, so the air quality of these days remained "heavily polluted" (Figure 5d and Figure S2d,e,g ). 31 January 2014 and 2 February 2014 shared similar characteristics of the ABLS: strong intensity of ground inversion layer (almost 2 • C/100 m) and medium VI (average VI was 2800 m 2 /s) and dry BL. Generally, the conditions of the diffusions were bad. Note that on 2 February 2014, there was dominance of a NE wind at 0-200, which could transport the pollutants from Yangluo Power Station to WJS station. Therefore, the air quality was "heavily polluted" on 31 January 2014 and "seriously polluted" on 2 February 2014 ( Figure S2f and Figure 5f ).
Compared to the previous days, the condition of the BL on 29 January 2014 and 3 February 2014 looked to be better and it was expected that the air quality would improve but surprisingly, these two days were categorized as 'heavily polluted' with an AQI of 281 and 200, respectively. On 29 January 2014, there was no ground inversion layer but had a suspended inversion layer at 900-1100 m. The whole BL was seen to be wet. The VI was 3830 m 2 /s. Therefore, the vertical dispersion capacity was strong. It is worth noting that there was a calm wind at 0-50 m and the wind speed was low at 0-700 m, so the conditions were not good for the pollutant to be diffused (Figure 5e ). Furthermore, as discussed at the beginning of Section 3.3, the air quality on 29 January 2014 was mainly influenced by external air pollutants from Hunan and Anhui Provinces. There was no ground inversion layer and a suspended inversion layer at 400-900 m, with strong winds within the ABL height (VI = 8320 m 2 /s) on 3 February. The dominant wind direction at 0-900 m was NE, which could transfer the pollutants from Yangluo Power Station to WJS station (Figure 5g) . Results from the 72-h back trajectory ( Figure S3 ) showed that winds passed through northern Anhui Province, which was the PSA with the highest contribution ( Figure 3) . Furthermore, the pollutant accumulation was at its highest level on these two days, partially due to the stability and long lifetime of PM 2.5 [45] .
No inversion layer existed at the low level and only a thin suspended inversion layer existed within the BL on February 4, indicating that the vertical diffusion capacity of the atmosphere was very strong. Strong winds were found within the BL (the wind speed was 8 m/s at 300-900 m). The VI was 6230 m 2 /s. The BL was wet (Figure 5h) . Generally, the conditions of the diffusions were good and both vertical dispersion capacity and the horizontal dispersion capacity were greatly strengthened, so the air quality was good on this day.
Unconventional Case Study
The E W and CAPE consider the ability of the BL to diffuse air pollutants from a thermodynamic point of view but do not consider the horizontal removal ability of wind speed. The VI and P i consider the ability of the BL to diffuse air pollutants from a kinetic point of view but do not consider the vertical diffusion capacity of the BL. Therefore, neither of them can fully describe the diffusion ability of the BL. Figure 6 is the vertical structure of the atmosphere at 0700 h LST for 18 November 2012 and 11 December 2012. There was a thick and deep ground inversion layer, indicating that the vertical diffusion condition of the atmosphere was good, in which case the air quality was poor. However, it was a clean case because the VI was large in the morning, indicating that the horizontal removal ability was large and the horizontal removal ability of that case played a more important role than the vertical diffusion ability (Figure 6a ). The VI was small on 11 December 2012, indicating that the horizontal removal ability of the atmosphere was small, in which case the air quality was poor. However, it was a clean case because the vertical diffusion condition of the atmosphere was good and vertical diffusion ability of the atmosphere played a more important role than the horizontal removal ability of the atmosphere. This, therefore, signifies the need to consider both the inversion layer and VI because neither of them can cause heavy air pollution, which is of the same opinion as Li [5] .
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The Ability of the BLSI to Describe Changes in the Ground Air Quality
Correlations between the BLSI and the Air Quality
The values of the BLSI were calculated for heights of 10-500 m using the sounding data at 0700 h LST acquired from the Wuhan Meteorological Bureau during the autumn-winter season from 2012 to 2015. Subsequently, the correlations between the BLSI and the ground air quality were analyzed. Table 3 shows that the correlation between the BLSI and the air quality at each altitude. The correlation passed the confidence level limit at 95% at 10-50 m and 350-400 m. It passed the confidence level limit at 99% at 100-300 m. The correlation coefficient (R) increased with the altitude at 10-250 m and then showed a declining trend at 250-500 m. The correlation between BLSI and air quality at 500 m failed to pass the confidence level limit at 90%. The maximum correlation coefficient was 0.312 at 250 m. Note that, both atmospheric boundary layer and trans-boundary movement of air pollutants play an important role in air quality (BLSI only takes boundary layer structure into consideration). Therefore, boundary layer structure is not the only factor that determines the air quality and what's more, our research work found out that trans-boundary movement of air pollutants plays a significant role in seriously polluted cases (AQI ≥ 300) in autumn-winter season The values of the BLSI were calculated for heights of 10-500 m using the sounding data at 0700 h LST acquired from the Wuhan Meteorological Bureau during the autumn-winter season from 2012 to 2015. Subsequently, the correlations between the BLSI and the ground air quality were analyzed. Table 3 shows that the correlation between the BLSI and the air quality at each altitude. The correlation passed the confidence level limit at 95% at 10-50 m and 350-400 m. It passed the confidence level limit at 99% at 100-300 m. The correlation coefficient (R) increased with the altitude at 10-250 m and then showed a declining trend at 250-500 m. The correlation between BLSI and air quality at 500 m failed to pass the confidence level limit at 90%. The maximum correlation coefficient was 0.312 at 250 m. Note that, both atmospheric boundary layer and trans-boundary movement of air pollutants play an important role in air quality (BLSI only takes boundary layer structure into consideration). Therefore, boundary layer structure is not the only factor that determines the air quality and what's more, our research work found out that trans-boundary movement of air pollutants plays a significant role in seriously polluted cases (AQI ≥ 300) in autumn-winter season in Wuhan [46] . Moreover, the research period was in autumn-winter season where the pollution is usually heavy (in our paper only 62 out of 360 sampling days were clean days). Also, the sample size is big so the correlation coefficient may not be that impressive. Taking these factors into consideration, it is reasonable for the correlation not to be that impressive. The observed correlation coefficients suggest that the BLSI is reliable for describing the changes in the ground air quality. This is mainly because the BLSI takes both the vertical diffusion ability and the horizontal removal ability of the atmosphere into consideration, in which case BLSI can completely describe the diffusion ability of the boundary layer. Note: *, **, *** means passing the confidence level limit at 90%, 95% and 99%, respectively.
The Ability of the BLSI to Describe the ABLS
As shown in Table 3 , the correlation coefficients between the BLSI and air quality increased with an altitude between 10 and 250 m and showed a declining trend between 250 and 500 m. These results are consistent with the average curves of the changes in the meteorological elements with the height for 360 days (all sample days) shown in Figure 7 . There was a strong ground inversion at 0-250 m where the diffusion ability of the atmosphere at 0-250 m was very weak but became strong at 250 m. In addition, the wind velocity changed from a rapid increase to a more gradual increase with increasing altitude at approximately 250 m, which means that the removal ability for wind at 0-250 m was very strong but became weak at 250 m. Moreover, the trend of the relative humidity changed from rapidly decreasing to slowly decreasing with increasing altitude at approximately 250 m. Thus, the height of approximately 250 m represents an important point at which the trends of temperature, wind velocity and relative humidity changed significantly. The analysis of the vertical structure of the boundary layer during seriously polluted days and clean days showed that the ABLS, especially the boundary layer at lower levels, had a more decisive influence on the ground air quality than the ground meteorological elements. Evidently, the layer at 0-250 m is essential for determining the ground air quality. Therefore, the correlation between the BLSI and the ground air quality was the best at 250 m (Table 2) . Moreover, the AQI was calculated based on the ground concentrations of pollutants, the results of which revealed that it is possible that the ability of the BLSI to describe changes in the ground air quality is weakened at higher levels. Therefore, the correlation coefficient between the BLSI and the ground air quality showed a downward trend at 250-500 m; furthermore, it failed to pass the confidence level limit at 90% at 500 m. However, the BLSI takes both thermal and dynamic effects into consideration; that is, according to Equations (6) and (8), the calculation of E W contains the detected temperature profile up to H height, while the calculation of VI contains the wind velocity profile within the ABL height. Therefore, the BLSI is capable of effectively describing the ABLS.
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Case Study
A Seriously Polluted Case
To verify the ability of the BLSI to describe change in the ground air quality and the ABLS on seriously polluted cases, a heavy pollution period in the morning was selected for analysis. A total of 33 cases from 3 January 2013 to 4 February 2013 were chosen. The AQI values for 3 January 2013 and 4 February 2013 were 27 and 42, respectively, indicating that the ground air quality was "excellent" The rest of the cases were all polluted cases: two cases were "slightly polluted", five cases were "moderately polluted", 20 cases were "heavily polluted" and four cases were "seriously polluted"
It is worth noting that the BLSI varies at different heights, thus, a specific height must be selected to determine the BLSI. The analysis of the vertical structure of the boundary layer during seriously polluted days and clean days demonstrates that the ground air quality is determined by the ABLS, particularly at low levels. Generally, the layer from the ground to the top of the inversion represents the low-level ABLS, which primarily determines the ground air quality [47, 48] . Therefore, the BLSI at the top of the inversion layer was chosen to study the relationship between the BLSI and the ground air quality. Multi-layer inversion phenomena will be present in some weather conditions; therefore, only the strongest inversion could be counted [47] . The statistical results revealed that inversion occurred on 29 cases and that the average height of the top of the inversion layer was approximately 290 m; consequently, the BLSI at 300 m was chosen to study its relationship with the ground air quality. Figure 8 shows the changing sequences of the BLSI at 300 m and the AQI at 0700 h LST with time. Their trends were similar (except 3-12 January 2013), if not nearly identical and the correlation (R = 0.547) passed the confidence level limit at 99%. We divided this pollution period into two stages: the first stage (3-12 January 2013) and the second stage (13 January 2013 -4 February 2013 . Figure 9 is the cluster mean back trajectory result for this pollution period. It can be seen that the air mass all originated from northern Anhui Province (the PSA with the highest contribution (WPSCF values bigger than 0.8)) in the first stage (Figure 9a ). However, in the second stage, the air mass all originated from PSAs with a much lower contribution and 51.04% of the trajectories did not go through the PSAs with the highest contribution (WPSCF values bigger than 0.8) (Figure 9b) . Therefore, by comparing the two stages (Figure 9a,b) , we can conclude that the external pollution plays a much bigger role in the first stage when compared with the second Figure 7 . Averaged vertical structure of the atmosphere for 360 days. The line and scatter plot show the profile of detected temperature (red line, • C), relative humidity (green line, %), wind velocity (blue line, m/s) and wind direction (black scatter points, wind direction is the dominant wind direction at each height, • ). The number on the x-axis is the result after dividing the relative humidity value by 10 and wind direction angle by 30 while temperature and wind speed remain the same.
Case Study
A Seriously Polluted Case
To verify the ability of the BLSI to describe change in the ground air quality and the ABLS on seriously polluted cases, a heavy pollution period in the morning was selected for analysis. A total of 33 cases from 3 January 2013 to 4 February 2013 were chosen. The AQI values for 3 January 2013 and 4 February 2013 were 27 and 42, respectively, indicating that the ground air quality was "excellent". The rest of the cases were all polluted cases: two cases were "slightly polluted", five cases were "moderately polluted", 20 cases were "heavily polluted" and four cases were "seriously polluted"
It is worth noting that the BLSI varies at different heights, thus, a specific height must be selected to determine the BLSI. The analysis of the vertical structure of the boundary layer during seriously polluted days and clean days demonstrates that the ground air quality is determined by the ABLS, particularly at low levels. Generally, the layer from the ground to the top of the inversion represents the low-level ABLS, which primarily determines the ground air quality [47, 48] . Therefore, the BLSI at the top of the inversion layer was chosen to study the relationship between the BLSI and the ground air quality. Multi-layer inversion phenomena will be present in some weather conditions; therefore, only the strongest inversion could be counted [47] . The statistical results revealed that inversion occurred on 29 cases and that the average height of the top of the inversion layer was approximately 290 m; consequently, the BLSI at 300 m was chosen to study its relationship with the ground air quality. Figure 8 shows the changing sequences of the BLSI at 300 m and the AQI at 0700 h LST with time. Their trends were similar (except 3-12 January 2013), if not nearly identical and the correlation (R = 0.547) passed the confidence level limit at 99%. We divided this pollution period into two stages: the first stage (3-12 January 2013) and the second stage (13 January 2013 -4 February 2013 . Figure 9 is the cluster mean back trajectory result for this pollution period. It can be seen that the air mass all originated from northern Anhui Province (the PSA with the highest contribution (WPSCF values bigger than 0.8)) in the first stage (Figure 9a ). However, in the second stage, the air mass all originated from PSAs with a much lower contribution and 51.04% of the trajectories did not go through the PSAs with the highest contribution (WPSCF values bigger than 0.8) (Figure 9b) . Therefore, by comparing the two stages (Figure 9a,b) , we can conclude that the external pollution plays a much bigger role in the first stage when compared with the second stage. The BLSI does not take external pollution into consideration, which is why the correlation between the BLSI and AQI in the first stage was worse than that in the second stage.
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A Relatively Clean Case
A relatively clean period in the morning with a total of 44 cases (18 November 2014-31 December 2014) was selected for analysis. The AQI ranged from 36 to 260. During this period of time, 14 cases were clean, 18 cases were "slightly polluted", nine cases were "moderately polluted" and three cases were "heavily polluted".
The BLSI at 300 m was calculated by using the same method as that used in Section 3.6.1 and "a seriously polluted case" was used to determine H. Figure 10 shows the changing sequences of the BLSI at 300 m and the AQI at 0700 h LST with time. Their trends were similar, if not nearly identical and the correlation (R = 0.430) passed the confidence level limit at 99%.
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A Forecast Case
To further study the ability of the BLSI to describe the changes in the air quality, its ability to forecast the AQI was also tested as described hereafter. The relatively clean period (18 November 2014-11 December 2014) above was used to build a forecasting model. We used the SPSS software to estimate the curve of the samples (linear, quadratic, cubic, power, logarithm, etc.) and found that the cubic relationship was the best. The regression results demonstrated a cubic relationship between the BLSI and the AQI during heavy pollution (Figure 11) , the nonlinear regression model for which is as follows:
where y denotes the AQI; x denotes the BLSI; and a, b, c and d are the regression coefficients. 
where y denotes the AQI; x denotes the BLSI; and a, b, c and d are the regression coefficients.
The regression results showed that the AQI best fit with the BLSI at 300 m with a coefficient of determination (R 2 ) of 0.563 and a model coefficient test value (Sigf) of 0.000 (p < 0.001), indicating that the regression was significant. The regression equation is as follows:
To test the ability of the BLSI to forecast the AQI using this equation, the AQI values at 0700 h LST from 12-31 December 2014 were predicted, the results of which were comparable with the observed AQI values (Figure 12 ). From Figure 12 , it is evident that the ability of the BLSI to predict the AQI was substantial; although there was a small difference in the values, the trend was almost the same and the correlation coefficient between the predicted and observed AQI was R = 0.466, which passed the confidence level limit at 95%. The three major reasons for the differences between the predicted and observed AQI values are as follows. (1) the height of the top of the inversion layer was inconsistent among the different observation periods. Research conducted by [16] revealed that the height of the boundary layer varies substantially under different weather conditions. (2) The factors affecting the local ground air quality included the cross-border transportation of external pollution, which was not considered within the BLSI. There were 11 cases when the observed AQI was higher than the predicted AQI and the two maximum value differences occurred on 24 and 25 December 2013. Figure S4a Figure S4a ,b show that the air mass entered Wuhan via northern (southern) Anhui and both areas are PSAs with the highest contribution (WPSCF values bigger than 0.8). Therefore, the observed AQI was much higher than the predicted AQI for these two cases. ( 3) The regression model is only a relatively idealized model that cannot fully represent the actual situation for complex atmospheric processes (e.g., due to the nonlinearity of such processes). The regression results showed that the AQI best fit with the BLSI at 300 m with a coefficient of determination (R 2 ) of 0.563 and a model coefficient test value (Sigf) of 0.000 (p < 0.001), indicating that the regression was significant. The regression equation is as follows:
To test the ability of the BLSI to forecast the AQI using this equation, the AQI values at 0700 h LST from 12-31 December 2014 were predicted, the results of which were comparable with the observed AQI values (Figure 12 ). From Figure 12 , it is evident that the ability of the BLSI to predict the AQI was substantial; although there was a small difference in the values, the trend was almost the same and the correlation coefficient between the predicted and observed AQI was R = 0.466, which passed the confidence level limit at 95%. The three major reasons for the differences between the predicted and observed AQI values are as follows. (1) the height of the top of the inversion layer was inconsistent among the different observation periods. Research conducted by [16] revealed that the height of the boundary layer varies substantially under different weather conditions. (2) The factors affecting the local ground air quality included the cross-border transportation of external pollution, which was not considered within the BLSI. There were 11 cases when the observed AQI was higher than the predicted AQI and the two maximum value differences occurred on 24 and 25 December 2013. Figures S4a,b are the results of the 72-h back trajectory of 24 and 25 December 2013. Figures S4a,b show that the air mass entered Wuhan via northern (southern) Anhui and both areas are PSAs with the highest contribution (WPSCF values bigger than 0.8). Therefore, the observed AQI was much higher than the predicted AQI for these two cases. ( 3) The regression model is only a relatively idealized model that cannot fully represent the actual situation for complex atmospheric processes (e.g., due to the nonlinearity of such processes). 
Conclusions
This study analyzed the characteristics of the ABLS and its relationship with the ground air quality over Wuhan during seriously polluted days and clean days by using ground air quality observation data, ground observation data from meteorological stations and radar tracking sonde data. The findings of this study revealed that the ABLS, especially the characteristics of the low-level boundary layer (particularly the temperature stratification and VI), had great effects on the ground air quality, based upon which the BLSI was developed. The main conclusions from this study are as follows. (1) An analysis of the ABLS during seriously polluted cases showed that the ABLS was dry and warm with a small VI; meanwhile, the ABLS during clean cases was wet and cold with a large VI. (2) The correlation between the air quality and BLSI at 100-300 m was good and passed the confidence level limit at 99%. Moreover, the correlation between the BLSI at 250 m 
This study analyzed the characteristics of the ABLS and its relationship with the ground air quality over Wuhan during seriously polluted days and clean days by using ground air quality observation data, ground observation data from meteorological stations and radar tracking sonde data. The findings of this study revealed that the ABLS, especially the characteristics of the low-level boundary layer (particularly the temperature stratification and VI), had great effects on the ground air quality, based upon which the BLSI was developed. The main conclusions from this study are as follows. (1) An analysis of the ABLS during seriously polluted cases showed that the ABLS was dry and warm with a small VI; meanwhile, the ABLS during clean cases was wet and cold with a large VI. (2) The correlation between the air quality and BLSI at 100-300 m was good and passed the confidence level limit at 99%. Moreover, the correlation between the BLSI at 250 m and the air quality was the most significant, indicating that 0-250 m is the key layer that determines the ground air quality. (3) The BLSI considers both the vertical diffusion ability and the horizontal removal ability of the atmosphere in the boundary layer. Therefore, the BLSI can describe the ABLS and the changes in the ground air quality.
Nevertheless, the BLSI does have inadequacies that must be resolved. First, the BLSI does not consider the effects of the external transport of pollutants. Second, the parameter V, which was used to remove the units in the BLSI calculation, slightly weakened the correlation between the BLSI and the ground air quality. Therefore, these inadequacies require additional research to further improve the BLSI. 
